2) channels are the primary Ca 2ϩ entry pathway in smooth muscle cells of resistance-size (myogenic) arteries, but their molecular identity remains unclear. Here we identified and quantified Ca V1.2 ␣1-subunit splice variation in myocytes of rat resistance-size (100 -200 m diameter) cerebral arteries. Full-length clones containing either exon 1b or the recently identified exon 1c exhibited additional primary splice variation at exons 9*, 21/22, 31/32, and Ϯ 33. Real-time PCR confirmed the findings from full-length clones and indicated that the major CaV1.2 variant contained exons 1c, 8, 21, and 32ϩ33, with ϳ57% containing 9*. Exon 9* was more prevalent in clones containing 1c (72%) than in those containing 1b (33%), suggesting exon-selective combinatorial splicing. To examine the functional significance of this splicing profile, membrane currents produced by each of the four exon 1b/c/ Ϯ 9* variants were characterized following transfection in HEK293 cells. Exon 1c and 9* caused similar hyperpolarizing shifts in both current-voltage relationships and voltage-dependent activation of currents. Furthermore, exon 9* induced a hyperpolarizing shift only in the voltage-dependent activation of channels containing exon 1b, but not in those containing exon 1c. In contrast, exon 1b, 1c, or ϩ9* did not alter voltagedependent inactivation. In summary, we have identified the CaV1.2 ␣1-subunit splice variant population that is expressed in myocytes of resistance-size arteries and the unique electrophysiological properties of recombinant channels formed by exon 1 and 9* variation. The predominance of exon 1c and 9* in smooth muscle cell CaV1.2 channels causes a hyperpolarizing shift in the voltage sensitivity of currents toward the physiological arterial voltage range.
(Ca v 1.2) channels provide the major Ca 2ϩ entry pathway (13, 22, 23) . Ca 2ϩ influx via Ca v 1.2 channels regulates multiple smooth muscle functions, including contractility and gene expression (26, 32) . Indeed, Ca v 1.2 channels play a critical role in mediating myogenic tone development in small, resistancesize arteries and arterioles that regulate blood pressure and organ blood flow (4, 21) . In systemic hypertension, arteries display elevated Ca V 1.2 channel expression and arterial smooth muscle cells exhibit an increase in L-type Ca 2ϩ current density, consistent with increased contractility (24) . In addition, because of their ability to block Ca V 1.2 channels and reduce Ca 2ϩ influx, voltage-dependent Ca 2ϩ channel blockers are effective for alleviating hypertension and other cardiovascular diseases associated with increased vascular tone, including some forms of angina (31) . However, despite the importance of Ca V 1.2 channels in regulating arterial smooth muscle physiology and evidence that Ca V 1.2 channels contribute to human vascular disease (20, 24, 30, 34) , the molecular identity of these channels in smooth muscle cells of myogenic arteries remains unclear.
L-type, voltage-gated Ca 2ϩ channels are hetero-oligomeric protein complexes, consisting of a voltage-gated channel-forming ␣ 1 -and regulatory (␣ 2 ␦-, ␤-, ␥-) subunits (3, 6) . The Ca V 1.2 ␣ 1 -subunit gene (CACNA1C) is subject to alternative splicing, which generates structural and functional diversity in channel proteins (1) . For instance, 19 of the 55 exons present in the human Ca V 1.2 gene are subject to alternative splicing, providing a large potential variance in channel amino acid sequences that can modify the ion current phenotype (17, 27, 28) .
Our laboratory has recently identified a novel Ca v 1.2 ␣ 1 -subunit 5Ј end (termed exon 1c), which is expressed in smooth muscle cells of rat resistance-size cerebral arteries that control brain blood pressure and regional flow (7) . Earlier work from our laboratory determined that in cerebral artery smooth muscle cell Ca V 1.2 channel mRNA, exon 1c is predominant, with the residual mRNA containing exon 1b, and exon 1a being absent (7) . Considering that the human Ca V 1.2 gene can undergo extensive alternative splicing and that two different 5Ј ends, one of which has not been fully characterized, occur in rat arterial smooth muscle cell Ca V 1.2, we examined the molecular identities and functions of these channels in small cerebral arteries. In this study, we cloned full-length Ca V 1.2 subunits containing each 5Ј end, identified Ca V 1.2 splice variation in these clones, and quantified splicing regions in smooth muscle cells of these arteries. Our data indicate that exon 1c and 9* undergo combinatorial splicing and that either of these variants causes a hyperpolarizing shift in Ca v 1.2 voltagedependent activation. Our study suggests that Ca V 1.2 exon combinatorial splicing shifts the voltage sensitivity toward the physiological range found in arterial smooth muscle cells. Determining the molecular composition of Ca V 1.2 subunits that are expressed in smooth muscle cells of resistance-size arteries is a necessary first step to understanding the multiple functions of these channels in vascular physiology and disease and, more specifically, in controlling brain blood flow.
MATERIALS AND METHODS
Tissue preparation and cell isolation. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Tennessee Health Science Center (UTHSC). SpragueDawley rats (ϳ250 g) were euthanized by peritoneal injection of pentobarbital sodium solution (150 mg/kg). Small, resistance-size, myogenic, cerebral arteries (posterior and middle cerebral, cerebellar; Ͻ100 -200 m diameter) were dissected and cleaned of connective tissue using small forceps. Arterial smooth muscle cells were dissociated using an enzyme procedure similar to that previously described (15) . Cardiac myocytes were kindly provided by Dr. P. A. Hofmann in the Department of Physiology at UTHSC. Arterial or cardiac myocytes were manually collected under an inverted microscope, yielding pure cell preparations (2, 7, 16) .
RNA isolation and reverse transcription. Cerebral arteries from 4 to 6 rats were combined, and total RNA was isolated using TRIzol reagent (Invitrogen). First-strand cDNA was synthesized using oligo d(T) and reverse transcriptase (SuperScript III; Invitrogen). For cerebral artery smooth muscle cells and cardiac myocytes, total RNA was extracted using the RNAqueous-4PCR kit (Ambion), followed by DNAase treatment. First-strand cDNA was synthesized using oligo d(T) and reverse transcriptase (SuperScript II; Invitrogen).
Amplification of full-length Ca V1.2 cDNA using PCR. Full-length CaV1.2 was amplified from cerebral artery cDNA with primers recognizing two different CaV1.2 5Ј ends (exon 1b or 1c) using the Expand Long Template PCR System (Roche Applied Science). Sense 6 (5Ј-GCTCGCGGCTGTTGCTGCATTTCTTCC-3Ј) and antisense 4 (5Ј-AGGTCACGAGAACAGTGAGGCACTTCTGA-3Ј) were used for exon 1b-containing subunits, whereas sense 5 (5Ј-CCTGGGCT-TGCTGTCTCCCGAGTTTCTG-3Ј) and antisense 4 were used for exon 1c-containing subunits (7). Antisense 4 was designed according to the highly conserved 3Ј untranslated region of known Ca V1.2 sequences (GenBank accession numbers: rat brain, M67515 and M67516; and rat aorta, M59786). PCR products were purified, ligated into pGEM-T easy vector (Promega), and transformed into JM109 cells (Promega). LB/ampicillin/IPTG/X-Gal plates were used to select plasmids, which were then cultured in 5 ml LB and purified with QIAprep Spin Miniprep kit. The presence of Ca V1.2 cDNA in the plasmids was identified using restriction analysis on 0.8% agarose gels and confirmed DNA sequencing at the UTHSC Molecular Resource Center.
Real-time PCR. TaqMan probes labeled with FAM and primers (Table 1) designed to detect exons 9/9*, 21/22, and 32/31ϩ33/32ϩ33 were obtained using Assays-by-Design (Applied Biosystems). Reaction mixtures were prepared using first-strand cDNA from either smooth muscle cells or cardiac myocytes, 2ϫ TaqMan Universal PCR Master Mix (Applied Biosystems), and 20ϫ Assays-by-Design Assay Mix (Applied Biosystems). PCR reactions were performed using an ABI PRISM 7700 Sequence Detection System (Applied Biosystems). Amplification was conducted for a period of 10 min at 95°C, followed by 40 PCR cycles of 15 s at 95°C and 1 min at 60°C. Each experiment was performed in triplicate, and the calculated mean was used for each experimental data point (or n). The amplification efficiency for exon 9 and exon 9ϩ9* was 1.96, whereas the amplification efficiency of exons 21, 22, 32, 31ϩ33, and 32ϩ33 was 2. The relative ratio between spliced exons was calculated using X ⌬Ct , where X is amplification efficiency and ⌬Ct is the difference in PCR cycle number.
Cell culture and transient transfection. HEK293 cells (ATCC) were maintained in DMEM (Cellgro) supplemented with 10% FBS and 1% penicillin-streptomycin under standard tissue culture conditions (21% O 2-5% CO2; 37°C). Full-length Cav1.2 ␣1-subunits were subcloned from pGEM-T easy vector into pIRES-heGFP II vector (Stratagene). HEK293 cells were transfected with one of four different Ca v1.2 ␣1-subunit splice variants: pIRES-Cav1.2e1b-hrGFPII (ϩexon 9), pIRES-Cav1.2e1b-hrGFPII (ϩexon 9ϩ9*), pIRES-Cav1.2e1c-hrGFPII (ϩexon 9), and pIRES-Cav1.2e1c-hrGFPII (ϩexon 9ϩ9*) with pcDNA3-␣2␦-1 and pGW-␤1b (1 g of each). Transfection was done using the Ca 2ϩ phosphate method. Transfected cells were grown on sterile glass coverslips. Electrophysiological experiments were performed 36 h after transfection. pGW-␤ 1b and pcDNA3-␣2␦-1 were kindly provided by Dr. Henry Colecraft (Johns Hopkins University School of Medicine) and Dr. Diane Lipscombe (Brown University), respectively.
Patch-clamp electrophysiology. Whole cell patch-clamp recordings were obtained using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA) and pCLAMP 8.2 or 9.2. Borosilicate glass electrodes (1-3 M⍀) were filled with a pipette solution containing (in mM) 135 CH 3CsO3S, 5 CsCl, 5 EGTA, 4 MgATP, 0.25 Na2GTP, 10 HEPES, and 10 glucose (pH adjusted to 7.2 with CsOH). The extracellular bath solution contained (in mM) 130 NMDG, 1 MgCl 2, 10 HEPES, 10 glucose, and 10 BaCl2 (adjusted to pH 7.4 with aspartic acid). HEK293 cells were visualized using a Nikon TS100 microscope using an epifluorescence attachment to identify GFP fluorescence. Fluorescent HEK cells that were not attached to neighboring cells were used to obtain whole cell patch-clamp recordings. Currentvoltage (I-V) relationships and steady-state inactivation was measured every 15 s by providing 1-s conditioning pulses to between Ϫ80 mV and ϩ30 mV in 10-mV increments before a 200-ms test pulse to 0 mV. I-V relationships were determined from the peak current evoked by each conditioning voltage. Steady-state inactivation was measured from the peak of the test pulse to 0 mV. To measure activation, tail currents were generated by repolarization to Ϫ80 mV after a series of 20-ms test pulses to between Ϫ60 mV and ϩ60 mV in 10-mV increments. Whole cell currents were filtered at 1 to 2 kHz and digitized at 4 -10 kHz. P/4 protocols were used to subtract leak and capacitive transients. Steady-state inactivation curves and tail currents were fit with a Boltzmann function: Statistical analysis. Electrophysiological data were analyzed using Clampfit 8.2 and 9.2 and Origin 6.5. Values are expressed as means Ϯ SE. Statistical significance was calculated by using one-way ANOVA followed by Student-Newman-Keuls test for multiple comparisons, except for comparison of exon 21 versus 22, which was calculated using a paired Student's t-test. P Ͻ 0.05 was considered significant.
RESULTS
Multiple Ca V 1.2 splice variants are expressed in rat resistance-size cerebral arteries. To determine Ca V 1.2 splice variation in smooth muscle cells of rat resistance-size cerebral arteries, we used RT-PCR to clone full-length Ca V 1.2 subunits containing either exon 1b or 1c. The entire coding region of Ca V 1.2 was amplified using one of two forward primers designed for either exon 1b or 1c and a reverse primer for the conserved 3Ј untranslated region of Ca V 1.2. Ca V 1.2 subunits were then subcloned into the pGEM-T easy vector and sequenced. Twenty-seven plasmids containing full-length Ca V 1.2 cDNA were obtained, of which 18 contained exon 1c and nine contained exon 1b (Table 2) . Sequencing revealed that in addition to exon 1 splicing, three common alternative splicing regions were also present at exon 9*, exon 21/22, and exon 31/32/33 (highlighted in green in Fig. 1 ). Exon 9* encodes a 25 amino acid sequence located within the intracellular linker between repeats I and II, exon 21/22 is responsible for segment 2 in repeat III (IIIS2), exon 31/32 generates segment 3 in repeat IV (IVS3), and exon 33 is part of the extracellular loop between IVS3 and IVS4 ( Fig. 1 ). All transcripts contained exon 8, consistent with an earlier study that reported exon 8 is expressed in whole aorta, whereas exon 8a is expressed in cardiac myocytes (12) . It should be noted that in Ref. 8 , the nomenclature used for exon 8 and 8a is opposite to that used in both our study and another study (27) . With the use of this nomenclature, exon 8 has a HaeIII restriction site that is absent in exon 8a.
We then sought to determine whether exon 1 variation modifies the occurrence of downstream splice variants in arterial smooth muscle cell Ca v 1.2 ␣ 1 -subunit mRNA. Sequencing of Ca V 1.2 clones containing exon 1c (termed Ca V 1.2e1c) revealed seven different exon combinations generated by splicing at exon 9*, 21/22, and 31/32/33 ( Table 2) . A majority of the transcripts contained exon 9* (72%), exon 21 (67%), exon 32 (83%), and exon 33 (89%). Thus data suggest that the major Ca V 1.2e1c isoform in rat cerebral arteries is the product of exon combination 8/9*/21/32ϩ33. In contrast with the diversity of splicing found in Ca V 1.2e1c-derived isoforms, only three different exon combinations were found in Ca V 1.2 transcripts containing exon 1b (Ca V 1.2e1b). Furthermore, 67% of Ca V 1.2e1b clones exhibited the 21/32ϩ33 combination with 9* absent. These data indicate that the major isoform of Ca V 1.2e1b in rat cerebral artery smooth muscle cells is likely to be derived from exons 8/21/32ϩ33. Although exon 32ϩ33 was the major exon combination found in both Ca V 1.2e1b and Ca V 1.2e1c transcripts, additional combinations also occurred, including exon 31ϩ33 and exon 32 without 33 (Table 2) . However, expression of exon 31 in the absence of exon 33 was not detected (Table 2) .
Several additional splicing sites were identified in Ca v 1.2 ␣ 1 -subunit clones (Fig. 2) . Transcripts C4 and C8 both contained an intron between exons 4 and 5, with a 66-nt insert in C24 and a 108-nt insert in C39 (Fig. 2, A and B) . Both inserts result in a premature stop codon between exons 4 and 5. Transcript C5 contained a 21-nt insert between exons 14 and 15 that encodes the sequence WWECVIQ. This sequence is derived from a 5Ј elongation of exon 15 due to RNA splicing near the 3Ј intron end (Fig. 2C) . Clone C17 contained a deletion within exon 15, which results in a stop codon downstream of the deletion site (Fig. 2D) . Transcript B9 contained an additional 71-nt sequence due to 5Ј elongation of exon 33, leading to a stop codon upstream of exon 33 (Fig. 2E) . Finally, transcript C16 had an 18 nucleotide deletion within exon 41, which would result in deletion of the hexapeptide NEELRA (Fig. 2F ). This sequence is located in the region that is involved in formation of the apocalmodulin binding pocket (11) .
Quantification of alternative splicing of Ca V 1.2 exons in cerebral artery smooth muscle cells. Having identified Ca V 1.2 splice variants that are expressed in small cerebral arteries, we next quantified relative expression of these variants in isolated cerebral artery smooth muscle cells using real-time PCR. For each experiment, we used ϳ100 freshly isolated smooth muscle cells that were visualized under a microscope and individually aspirated into a micropipette to collect a pure cell population, as our laboratory has done previously (2, 7, 16).
Data indicated that exon 9 and exon 9ϩ9* exhibited similar expression levels (Fig. 3) . Since exon 9* expression is considered to be relatively specific for smooth muscle cells, we compared the relative expression of exon 9 Ϯ 9* in arterial smooth muscle cells with that in cardiac myocytes (12, 20) . In contrast with cerebral artery smooth muscle cells, only 8% of Ca V 1.2 transcripts in rat cardiac myocytes contained exon 9*. These data support the idea that although exon 9* expression is relatively specific to arterial smooth muscle cells, arterial smooth muscle cells also express a significant proportion of Ca v 1.2 that is deficient in exon 9*. In contrast, in arterial smooth muscle cells, exon 21 expression was approximately ninefold higher than that of exon 22, or 81% of total. Furthermore, the combination of exons 32ϩ33 was most prevalent, whereas exon 32 alone and exons 31ϩ33 were present in less than 30% of total mRNA.
Splicing of exon 1c and 9* generates Ca v 1.2 currents with unique electrophysiological properties. A majority (72%) of full-length exon 1c-containing transcripts contained exon 9*, whereas a minority (33%) of exon 1b-containing transcripts contained exon 9* (Table 2 ). These data suggest that exon 1c and 9* undergo combinatorial splicing in arterial smooth muscle cell Ca v 1.2 ␣ 1 -subunits. Such combinatorial splicing may produce channels with unique electrophysiological properties. To test this hypothesis, Ca v 1.2 ␣ 1 -subunit clones containing each of the four possible splice variant combinations (e1bϩ9, e1bϩ9ϩ9*, e1cϩ9, and e1cϩ9ϩ9*) were individually expressed in HEK293 cells in combination with ␣ 2 ␦ and ␤ 1b , a ␤-subunit that is expressed in cerebral artery smooth muscle cells (7) . Currents generated by each variant were then characterized using patch-clamp electrophysiology.
The I-V relationship produced by Ca v 1.2 ␣ 1 -channels containing the e1bϩ9 combination was right-shifted when compared with the I-V of currents produced by the e1cϩ9 combination (Fig. 4B) . The inclusion of exon 9* did not alter the current voltage-relationship of channels containing exon 1c (Fig. 4, A and B) . In contrast, exon 9* caused a hyperpolarizing shift in the I-V relationship of Ca v 1.2 ␣ 1 -subunits containing exon 1bϩ9 (Fig. 4B) . This shift generated a I-V profile similar to that produced by e1cϩ9 and e1cϩ9ϩ9* channels (Fig. 4B) . A similar picture emerged for the voltage dependence of activation, where the V 1/2 of channels containing 1cϩ9 was ϳ12 mV more hyperpolarized than for channels containing 1bϩ9 ( Fig. 5B and Table 3 ). In addition, exon 9* caused an ϳ8 mV hyperpolarizing shift in the V 1/2 of Ca v 1.2 ␣ 1 -subunits containing exon 1b, but 9* did not alter the voltage dependence of activation of channels containing exon 1c (Fig. 5, A and B , and Table 3 ). In contrast, alternative splicing of exons 1b or 1c or the inclusion of exon 9* did not alter the voltage dependence of half-inactivation or , the rate of inactivation (Fig. 4, C and D, and Table 3 ).
To further compare the voltage dependence of each splice variant combination, window currents were measured. The window current voltage range for each variant was measured at the half-maximal amplitude of the intersection of the activation and inactivation curves. Exon splicing from 1b to 1c caused an ϳ11 mV hyperpolarizing shift in the activation of 9*-deficient channels, which was reduced to ϳ3 mV in 9*-containing channels ( Fig. 6 and Table 3 ). The voltage range of window currents produced by exon 1cϩ9ϩ9*-containing channels was ϳ10 mV narrower than for those containing exon 1bϩ9ϩ9* (Fig. 6 ). The window current voltage range for e1bϩ9 currents could not be determined because a noninactivating component at positive voltages prevented determination of the half-maximal inactivating voltage.
In summary, these data indicate that in the absence of exon 9*, alternative splicing of exon 1 modifies voltage-dependent activation of Ca v 1.2 ␣ 1 -subunits. The data also indicate that the inclusion of exon 9* only alters the voltage-dependent activation of channels containing exon 1b, but not of those containing exon 1c.
Furthermore, exon 1c causes a larger hyperpolarizing shift in window current activation of channels deficient in exon 9* than in those containing 9*.
DISCUSSION
Small, resistance-size cerebral arteries constrict in response to an elevation in intravascular pressure, a reaction termed the myogenic response (9) . Myogenic tone sets a baseline diameter from which small arteries can either constrict or dilate in response to a wide variety of stimuli and, therefore, alter organ blood pressure and flow. L-type voltage-dependent Ca 2ϩ channel activation is critical for the myogenic response, particularly in cerebral arteries, which control vascular pressure and regional blood flow within the brain. For the first time, this study has measured the voltage-dependent Ca V 1.2 channel splice variant population in smooth muscle cells of resistance-size arteries and determined the effects of combinatorial splicing at exons 1 and 9* on channel voltage sensitivity.
Alternative splicing of the Ca V 1.2 gene has been observed in several different tissues and species (12, 19, 33) , but the complement of Ca V 1.2 splice variants expressed in small resistance-size arteries has not been examined. Recent work Fig. 3 . Real-time quantitative RT-PCR identifies relative expression of major CaV1.2 exon variants in isolated cerebral artery smooth muscle cells and cardiac myocytes. A: exon 9* expression is higher in cerebral artery smooth muscle cells (n ϭ 6) than in cardiac myocytes (n ϭ 5). *P Ͻ 0.05 when compared with exon 9 and 9* expression in arterial smooth muscle cells. B: in cerebral artery smooth muscle cells, CaV1.2 subunits preferentially express exon 21 (n ϭ 4). *P Ͻ 0.05 when compared with exon 21 expression. C: exon 32ϩ33 is the major splice variant in cerebral artery smooth muscle cells (n ϭ 5). *P Ͻ 0.05 when compared with exon 32 and exon 31ϩ33 expression. Each n is the calculated mean of real-time PCR experiments that were performed in triplicate. Fig. 4 . Electrophysiological properties of currents produced by exon 1b/c and Ϯ 9* Cav1.2 splice variants. A: representative current traces generated by the exon 1cϩ9ϩ9* channel variant in response to 1-s conditioning pulses to Ϫ80, ϩ10, or ϩ30 mV followed by 200-ms test pulses to 0 mV. B: current-voltage relationships of Cav1.2 e1bϩ9 (n ϭ 21), Cav1.2 e1cϩ9 (n ϭ 10), Cav1.2 e1bϩ9ϩ9* (n ϭ 7), Cav1.2 e1cϩ9ϩ9* (n ϭ 21) variants. C: mean steady-state inactivation of all Cav1.2 splice variants [see Table 3 for half-inactivation voltage of steadystate inactivation (V1/2) values and experimental number]. D: mean current inactivation rate for all variants. I/Imax, normalized peak current. from our laboratory has identified a novel 5Ј end (exon 1c) that is expressed in smooth muscle cells of rat resistance-size arteries (7) . Although exon 1b is also expressed in these cells, exon 1c expression is predominant (7) . Importantly, exon 1c is not restricted to the rat species. A Blast search using the rat exon 1c nucleotide sequence (Accession number AY974797), which generates the amino acid sequence MLCCALDCAC, reveals a highly homologous nucleotide sequence in the mouse genome that would produce the cysteine-rich amino acid sequence MLCCALACEY in Ca v 1.2 ␣ 1 -subunits. Previous studies that have cloned full-length Ca v 1.2 ␣ 1 -subunits used primers designed to recognize either exon 1a or 1b (27) . Our earlier study that identified exon 1c raised the possibility that channels containing this splice variant might exhibit different downstream splicing profiles from those that contained either exon 1a or 1b. Using primers recognizing either exon 1b or 1c, we amplified full-length Ca V 1.2 cDNA from cerebral arteries and subcloned the PCR products into pGEM-T easy vector. Sequencing of cerebral artery Ca V 1.2 clones revealed three common alternative splicing regions besides exon 1, at exon 9*, 21/22, and 31/32/33. Given that 19 out of 55 Ca V 1.2 exons can undergo splicing (27) , our data demonstrate that a relatively conservative population of Ca V 1.2 channels is expressed in smooth muscle cells of resistance-size cerebral arteries.
Real-time PCR using cerebral artery smooth muscle cell lysate determined that exon 21 and exons 32ϩ33 are predominant, being present in 88% and 71% of all Ca V 1.2 transcripts, respectively.
Full-length clones support the view that Ca V 1.2e1b and Ca V 1.2e1c have similar preferentiality for exon 21 and exon 32ϩ33. We show that in cerebral artery smooth muscle cells, ϳ57% of Ca V 1.2 transcripts contained exon 9*, compared with only 8% in cardiac myocytes. A previous study also indicated that exon 9* expression is similarly low in rat left ventricle (29) . These data suggest preferential expression of exon 9* in smooth muscle cells of the cardiovascular system, consistent with the results of a previous study (20) . However, our data indicate that approximately half of the arterial smooth muscle cell Ca v 1.2 channel mRNA is exon 9* deficient. Our data also suggest that in arterial myocytes, exon 1 variant selection may be linked to that of exon 9*. Seventy-two percent of all Ca V 1.2e1c clones contained exon 9*, whereas only 33% of Ca V 1.2e1b clones contained 9*. It could be argued that four of the 27 full-length clones contained internal stop codons, which would result in truncated, nonfunctional channels. However, when these four clones are excluded from the statistical analysis, a similar picture emerges in that 73% of Ca V 1.2e1c clones contained exon 9*, whereas only 25% of Ca V 1.2e1b clones contained exon 9*. Given that both exon 1c and 9* exhibit significantly higher expression in arterial myocytes than in cardiac myocytes (data here and in Refs. 7, 19, and 20) , in the cardiovascular system this combinatorial expression profile may be highly selective for smooth muscle cells.
Alternative splicing of Ca V 1.2 enhances both structural and functional diversity of the channel (1, 17) . Previous studies have been conducted to determine where Ca V 1.2 channel alternative splicing occurs (12, 30, 36) . However, whether random or defined linkages occur between different exons is unclear. Studies that have investigated Ca V 1.2 splice variants have primarily scanned small regions of Ca V 1.2 message or used a combination of PCR and restriction enzyme analysis, which cannot derive splicing combination profiles. Recently, 41 linkages have been identified in full-length Ca V 1.2 mRNA A: representative tail currents generated by the e1cϩ9ϩ9* variant evoked by repolarization to Ϫ80 mV after depolarizing test pulses to Ϫ20, 0, ϩ20, and ϩ40 mV. B: mean voltage-dependent activation for all variants (see Table 3 for V1/2 values and experimental number). Values are means Ϯ SE. *P Ͻ 0.05 vs. e1b ϩ9. V1/2, half-inactivation voltage of steady-state inactivation; I/Imax, normalized peak current; N/A, not applicable.
isolated from rat whole aorta and heart (27) . However, these Ca V 1.2 libraries were generated using primers designed from exon 1a and 1b. Exon 1c was not used to amplify Ca v 1.2 ␣ 1 -message, because at that time this variant had not yet been discovered. Thus a complete Ca V 1.2 transcriptional profile could not be obtained. The lack of inclusion of exon 1c for primer generation and library construction may explain the discrepancy that only 24% of Ca V 1.2 transcripts from the rat aorta library expressed exon 9*, even though RT-PCR data indicated much higher exon 9* expression in the same vessel (20) . Our identification of the third exon 1 sequence (e1c) provided the basis for future studies to determine splice variation and combinatorial splicing profiles in other cell types.
Substitution of a specific splice locus can alter electrophysiological and pharmacological properties of channels, including Ca V 1.2, and modify regulation by signaling proteins (19, 20) . In agreement with our findings, exon 9* caused a hyperpolarizing shift in the activation curve of Ca V 1.2 ␣1C,77 channels, which contain the exon combination 1b, 2-20, 22-30, 32-44, and 46-50 (20) . A similar effect of exon 9* expression was observed with Ca V 1.2 channels with the exon combination 1b, 8, 21, 32, and 33 (27) . Here we found that Ͼ40% of Ca v 1.2 ␣ 1 -subunits in arterial smooth muscle cells did not contain exon 9*. Therefore, if exon 9* alone was essential for generating a Ca v 1.2 ␣ 1 -subunit population with higher voltage sensitivity, almost half of these channels would be less voltage sensitive. However, data here indicate that exon 1c causes a significant hyperpolarizing shift in the voltage-dependent activation (determined from full activation curves and from window current analysis) of exon 9*-deficient channels. Thus exon 1c and 9* can both left-shift the voltage sensitivity of Ca v 1.2 ␣ 1 -subunits. Interestingly, exon 1 switching in 9*-containing channels did not cause a hyperpolarizing shift in voltage dependence, consistent with a previous report from our laboratory (7) . An explanation for these effects is that Ca v 1.2 ␣ 1 -subunit voltage sensitivity may have already reached a ceiling, at least for the splice variant composition of the backbone channel. One additional possibility not studied here is that exon 1c and 9* shift the channel voltage sensitivity by interacting with the same regulatory molecule that does not interact with exon 1b or 9. A further finding was that window currents generated by exon 1c-containing channels were narrower than for 1bϩ9ϩ9* channels. This appeared to be due primarily to different voltage-dependent inactivation of the 1bϩ9ϩ9* window current. However, detailed analysis of this effect was not possible because e1bϩ9 currents did not inactivate below the half-maximal window current, precluding determination of the voltage range of this variant. In summary, based on our molecular and electrophysiological data, we suggest that ϳ80% of Ca v 1.2 ␣ 1 -subunits expressed in arterial smooth muscle cells will exhibit higher voltage sensitivity because of predominant exon 1c and 9* selection. This is an essential finding because the physiological steady-state voltage range of cerebral artery smooth muscle cells is approximately Ϫ60 to Ϫ40 mV (18) . A hyperpolarized shift in Ca v 1.2 channel voltage sensitivity is important for controlling Ca 2ϩ influx and contractility in smooth muscle cells under these physiological conditions. Ca V 1.2 channels that contain the exon 8-encoded amino acid sequence are more sensitive to inhibition by dihydropyridines than channels containing exon 8a (35) . In our study, all Ca V 1.2 clones obtained from cerebral arteries contained exon 8 rather than 8a. The data also indicate that most cerebral artery myocyte Ca v 1.2 ␣ 1 -clones contain exon 21, whereas rat ventricle Ca v 1.2 ␣ 1 -subunits contain primarily (ϳ59%) exon 22 (29) . Therefore, the selection of exon 21 over 22 appears to be a major difference between cardiac and resistance-size arterial smooth muscle cell Ca v 1.2 ␣ 1 -subunits. Alternative splicing of exon 21 with 22 did not modify Ca V 1.2 channel activation and inactivation, but channels expressing exon 22 were more sensitive to isradipine at a holding voltage at Ϫ90 mV than those containing exon 21 (25, 39) . These data suggest that exon 8, but not 21, contributes to the higher dihydropyridine sensitivity of vascular smooth muscle cell Ca v 1.2 channels when compared with channels from cardiac myocytes. In addition, this finding may explain the effective and relatively selective clinical use of these drugs to reduce blood pressure and relieve vasospasm (31) . In contrast with the tissue-selective occurrence of exon 8/8a and 21/22 in these cell types, arterial smooth muscle cell Ca v 1.2 ␣ 1 -clones described here and in whole ventricle both primarily contain the exon 32ϩ33 combination (29) . Substitution of exon 31 with 32 did not alter channel electrophysiological properties (28, 39). However, in channels deficient in exon 9*, the absence of exon 33 shifts the activation curve in a hyperpolarizing direction with little effect on steady-state inactivation (27, 28) . In contrast, in channels containing exon 9*, a lack of exon 33 did not alter activation properties but led to a hyperpolarizing shift in steady-state inactivation (27) . Thus effects of exon 9* on channel properties appear to be linked not only to the exon 1 variant as demonstrated here but also to the presence or absence of exon 33.
Pathological states may modify Ca v 1.2 channel exon combinatorial profiles. Previous studies have shown that atherosclerosis and heart failure alter Ca V 1.2 exon expression (30, 38) . Exons 9* and 41a are detected in normal human arterial smooth muscle cells but are absent in smooth muscle cells located in atherosclerotic regions (30) . In contrast, exon 22 is absent in normal human arterial smooth muscle cells but is detected in cells from atherosclerotic areas (30) . A switch between exons 31 and 32 has also been observed in heart failure, with the former being ϳ2.5 times more abundant in nonfailing human ventricle and the latter being twice as abundant in failing hearts (38) . Our determination of the combinatorial profiles of Ca V 1.2 splice variants in cerebral artery smooth muscle cells becomes important not only to determine contributions to tissue physiology and pharmacology but also as a first step in the identification of exon switches that may occur in disease. Disease-related Ca V 1.2 exon alterations could not only be used to better understand vascular pathophysiology but also as disease biomarkers.
Our study clearly indicates that when expressed with ␤ 1b -and ␣ 2 ␦-subunits, Ca v 1.2 ␣ 1 -subunit exon 1c and 9* cause a hyperpolarizing shift in the voltage sensitivity of currents. However, the molecular identities and functional significance of Ca v 1.2 auxiliary subunits in arterial smooth muscle cells are poorly understood. We have shown that ␤ 1b and ␤ 3 , but not ␤ 2a subunits are expressed in isolated cerebral artery smooth muscle cells (7) . ␤ 1b associates with the plasma membrane through an acidic motif in the COOH terminus, whereas ␤ 3 is cytosolic (5, 8) . ␣ 2 ␦ is also a membrane-localized subunit. Here we characterized the electrophysiological properties of Ca v 1.2 ␣ 1 -subunits when coexpressed with ␤ 1b to avoid intracellular dialysis of cytosolic auxiliary subunits, such as ␤ 3 , during conventional whole-cell patch clamp. Thus effects on membrane current of exon 1 and 9* splicing that occur in the presence of membrane-bound ␤ 1b are also likely to occur with Ca v 1.2 currents in native arterial smooth muscle cells.
In native channels, interactions with membrane-associated proteins other than auxiliary subunits can also determine the current phenotype. Ca 2ϩ -dependent inactivation (CDI) of Ca v 1.2 occurs through Ca 2ϩ binding to calmodulin that is associated with the channel COOH-and NH 2 -termini (10). Cloning did not reveal splice variation within arterial myocyte Ca v 1.2 ␣ 1 -subunit NH 2 -or COOH-terminal regions responsible for mediating CDI through calmodulin, except for one clone (C16) out of 27 that had an 18 nucleotide deletion in exon 41. Therefore, CDI is likely to be similar between the four exon 1/9 Ϯ 9* variants characterized here.
The electrophysiological properties of cerebral artery smooth muscle cell Ca v 1.2 currents have previously been measured using 10 mM Ba 2ϩ as the charge carrier. In rat cerebral artery smooth muscle cells, half-maximal activation and inactivation voltages were Ϫ3.4 and Ϫ13.0 mV, respectively (37) . In another species (rabbit), cerebral artery smooth muscle cell half-maximal activation and -inactivation voltages were 0.8 and Ϫ2.3 mV, respectively (14) . The electrophysiological properties of rat arterial smooth muscle currents closely match those of the cloned rat channel currents, particularly those generated by channels containing exon 1c and/or 9*. Ultimately, it would be appropriate to compare in detail the electrophysiological properties of recombinant and smooth muscle cell Ca v 1.2 currents. However, this is not straightforward given that, as shown here, arterial myocyte currents occur due to the activation of a heterogeneous Ca V 1.2 splice variant population that is composed of many different subunits. Heterologously expressed currents are produced by a single clone and a defined set of auxiliary subunits, whereas arterial myocyte currents occur due to the activation of a heterogeneous Ca V 1.2 splice variant population that is composed of many different subunits. Furthermore, in arterial myocytes it is uncertain which ␤-and ␣ 2 ␦-subunit isoforms are expressed, the relative proportions of each isoform, the relative proportions of each auxiliary subunit to ␣ 1 -subunits, and whether ␤-and ␣ 2 ␦-subunit isoforms differentially modulate ␣ 1 -subunits containing different splice variants. The electrophysiological properties of arterial myocyte Ca V 1.2 currents will result from the combination of these multiple factors. Therefore, it is not yet possible to attempt to recapitulate the heterogeneous arterial myocyte Ca v 1.2 subunit population in an expression system. With the identification of the Ca v 1.2 ␣ 1 -subunit splice variant population that is expressed in smooth muscle cells of myogenic cerebral arteries, one logical progression of the current study will be to compare the splice variant population that is expressed in smooth muscle cells of other vascular beds, in myogenic versus nonmyogenic vessels (conduit arteries, veins), and in arteries versus arterioles. Such studies may reveal important molecular variations in Ca v 1.2 that underlie functional differences in these tissues. In addition, our data provide the groundwork for a future comparison with Ca v 1.2 ␣ 1 -splice variants that are expressed in other nonvascular smooth muscle cells and with nonsmooth muscle cell types. The identification of arterial smooth muscle cell-specific Ca v 1.2 ␣ 1 -splice variants may provide the opportunity to target these channels in a cell-specific and therapeutic manner, e.g., by using gene targeting.
In summary, this study has identified the Ca V 1.2 channel splice variant population, quantified relative expression at the major regions subject to splicing, and found combinatorial splicing of exon 1c and 9* in smooth muscle cells of resistance-size arteries. We also show predominant exon 1c and 9* selection produces a Ca v 1.2 channel population with a voltage sensitivity that is nearer to the physiological arterial voltage range.
